Summary Alanine to threonine substitution at codon 54 of the fatty acid-binding protein 2 (FABP2) gene was recently shown to be associated with insulin resistance in Pima Indians. It has been hypothesized that the mutation may result in enhanced intestinal uptake of fatty acids, and thereby an impairment of insulin action. We analysed the association of the Ala54Thr substitution with insulin sensitivity and abdominal fat thickness in 395 Japanese men aged 50.5 ± 8.8 years (mean ± SD) with a body mass index of 24.4 ± 3.0 kg/m 2 . The frequency of the Thr54 allele was 0.34. Although the polymorphism was not significantly associated with diabetes or impaired glucose tolerance, subjects homozygous for the Thr54 allele had higher basal insulin levels. Analysis by homeostasis model assessment showed an association between the amino acid substitution and greater insulin resistance, and slightly higher beta-cell function. Oral glucose tolerance tests performed in 392 subjects without fasting hyperglycaemia showed higher 2-h insulin concentrations in individuals homozygous for the Thr54 allele when compared with heterozygotes or homozygotes for the Ala54 allele. No significant association was obtained between the polymorphism of the FABP2 gene and body mass index. However, ultrasound measurements of abdominal fat thickness revealed a greater accumulation of intra-abdominal fat in subjects homozygous for the Thr54 allele, whereas subcutaneous fat thickness was not associated with the polymorphism. These observations suggest that the Ala54Thr substitution in the FABP2 gene is associated with insulin resistance in Japanese men, and that visceral fat accumulation might be involved in the impaired insulin action associated with the substitution. [Diabetologia (1997) indicating that the protein has a role in fatty acid absorption and intracellular transportation [7, 8] . It has been noted that elevated levels of serum fatty acids may have adverse effects on glucose metabolism due to increased uptake and intracellular oxidation of fatty acids [9] [10] [11] . Since the threonine-containing IFABP has a greater affinity for long chain fatty acids than alanine-containing IFABP in vitro [6] , the substitution may increase the absorption of fatty acids, resulting in insulin resistance. Although obesity is a major factor impairing insulin sensitivity, the amino acid substitution in the FABP2 gene was not associated with body weight in the Pima Indians [6] . However, there is the possibility that the polymorphism may affect intraabdominal fat accumulation, because visceral adipose tissue may be associated with insulin resistance [12, 13] .
The Japanese are one of the ethnic groups genetically susceptible to NIDDM. Furthermore, marked heterogeneity has been shown in the association of NIDDM with several candidate genes between the Japanese and other ethnic groups [14, 15] . A study using microsatellite DNA polymorphism has shown no significant linkage between the FABP2 gene locus and NIDDM or impaired glucose tolerance (IGT) in Japanese subjects [16] . However, the role of the Ala54Thr substitution in insulin resistance in the population remains to be determined. In this study we analysed the association between the Ala54Thr substitution of the FABP2 gene with insulin sensitivity and abdominal fat thickness in Japanese men.
Subjects and methods
We studied 395 Japanese men aged 50.5 ± 8.8 years (mean ± SD) with a body mass index of 24.4 ± 3.0 kg/m 2 . All subjects were selected at random from people attending for health screening at the Kumamoto Red Cross Health Care Center. Blood samples were taken in the morning after an overnight fast. If fasting plasma glucose concentration was less than 7.8 mmol/l, glucose tolerance was evaluated by administering 75 g glucose orally, and classified into normal, IGTand diabetes, on the basis of the World Health Organization criteria. Serum levels of insulin were measured by a luminescence enzymelinked immunosorbent assay (Sankyo, Tokyo, Japan). Beta-cell function and insulin resistance were assessed by the relationship between fasting glucose and insulin concentrations, analysed by homeostasis model assessment (HOMA) assuming that normal weight healthy subjects aged less than 35 years have 100 % betacell function and an insulin resistance of 1 [17] . Subcutaneous and intra-abdominal fat thicknesses were measured by 14 operators using a standardized ultrasound technique 5 cm from the umbilicus on the line between the xiphoid process and the umbilicus in the supine position. Subcutaneous fat thickness and the distance between the internal face of the rectus abdominis muscle and the anterior wall of the aorta were measured by the method of Armellini et al. [18] .
Genomic DNA was extracted from leukocytes by the phenol/chloroform method following incubation with proteinase K (Sigma, St. Louis, Mo., USA). Amplification of the FABP2 and 5′-TA-CCCTGAGTTCAGTTCCGTC-3′. After 35 cycles of 1 min at 94°C, 1 min at 58°C and 1 min at 72°C, aliquots (2 m l) of PCR products were analysed on 2 % agarose gels (Nippongene, Toyama, Japan) to confirm the proper amplification. Then the amplified PCR products of 180 bp were digested with the addition of 2 U Hhal (Promega, Madison, Wis., USA) in 10 mmol/l Tris-HCl pH 7.9, 50 mmol/l NaCl, 10 mmol/l MgCl 2 and 1 mmol/l dithiothreitol. After an incubation at 37°C for 2 h, the digested samples were separated by electrophoresis through 3 % agarose gel and visualized by staining with ethidium bromide. PCR products having an intact Hhal site were cleaved into 99-and 81-bp fragments; the Ala54Thr substitution abolished the restriction site. All genotyping and data analysis were performed anonymously.
Statistical analysis.
The results are presented as means ± SD. Differences among the three-group means were estimated by the Kruskal-Wallis test. Student's unpaired t -tests were used to compare the means of two groups. Insulin values were logarithmically transformed before comparison by t -tests. The chisquare test was used to compare frequencies. A p value of less than 0.05 was considered statistically significant.
Results
Of the 395 individuals, 172 (43.5 %) were Ala54 homozygotes, 47 (11.9 %) were Thr54 homozygotes, and 176 (44.6 %) were heterozygous for the polymorphism. The frequency of Thr54 allele was 0.34. Three out of 395 subjects had fasting blood glucose levels over 7.8 mmol/l; all of them were homozygous for the Ala54 allele. Oral glucose tolerance tests were performed in 392 subjects without fasting hyperglycaemia. Thirty-two out of the 395 subjects (8.1 %) proved to be diabetic and 126 (31.9 %) were classified as IGT (Table 1) . No significant association was found between the Ala54Thr substitution and glucose tolerance (p = 0.38, chi-square test). Fasting glucose values were not significantly different among the genotypes. However, subjects homozygous for the Thr54 allele showed higher basal insulin levels ( Table 2) . Analysis by HOMA showed significant association between the Thr54 allele and relative insulin resistance (p = 0.008, Kruskal-Wallis test). Homozygotes for the Thr54 allele had greater insulin resistance than homozygotes for the Ala54 allele (p < 0.001, t -test). Insulin sensitivity was slightly reduced in the Ala54/Thr54 heterozygotes when compared with Ala54 homozygotes (p = 0.03). Furthermore, the analysis by HOMA suggests that the Ala54Thr substitution could be associated with greater beta-cell function. Thr54 homozygotes had higher relative beta-cell function than Ala54 homozygotes (p = 0.011, t -test), although the differences among the three groups were not statistically significant (p = 0.11, Kruskal-Wallis test). The FABP2 gene polymorphism at codon 54 was not significantly associated with plasma glucose levels during the oral glucose tolerance tests, although Thr54 homozygotes showed slightly higher glucose levels than the Ala54 homozygotes and the heterozygotes (Fig. 1) . However, insulin levels at 120 min were significantly associated with the FABP2 polymorphism (p = 0.002, Kruskal-Wallis test). Thr54 homozygotes had greater glucose-induced insulin response than Ala54 homozygotes, whereas the heterozygotes showed almost the same 2-h insulin levels as Ala54 homozygotes. However, the amino acid substitution was not significantly associated with blood pressure, serum total cholesterol, HDL-cholesterol, or triglyceride levels.
Next we analysed the association between the polymorphism and abdominal fat distribution measured by ultrasonography (Table 3) . Relative insulin resistance measured by HOMA was correlated with intra-abdominal fat thickness (r = 0.413), and to a lesser extent, with abdominal subcutaneous fat thickness (r = 0.217). Beta-cell function was also correlated with subcutaneous and intra-abdominal fat thickness (r = 0.215 and r = 0.291, respectively). The thickness of intra-abdominal fat was significantly increased in subjects homozygous for the Thr54 allele of the FABP2 gene, whereas subcutaneous fat thickness was not associated with the amino acid substitution. The ratio of intra-abdominal fat thickness/subcutaneous fat thickness was also high in the Thr54 homozygotes. In the heterozygous subjects, intra-abdominal fat thickness was only slightly increased when compared with Ala54 homozygotes. 
Discussion
This study showed that the Ala54Thr substitution in the FABP2 gene was associated with insulin resistance and intra-abdominal fat accumulation in the Japanese general population. The allelic frequency of Thr54 was 0.34; it was slightly higher than the ratios of 0.29 in Pimas and 0.31 in Caucasians [6] . No significant association was found between the Ala54Thr substitution and the prevalence of NIDDM or IGT. This is in accordance with a previous report showing no significant linkage between a polymorphic locus near the FABP2 gene and glucose tolerance in Japanese subjects [16] . Actually, in the Pima Indians, the Thr54 allele frequency was not significantly different between diabetic subjects and normal subjects, despite a marked association with insulin resistance [6] . In this study individuals homozygous for the Thr54 allele had higher basal and glucose-stimulated insulin levels than subjects lacking the allele. The most marked difference was found in insulin concentrations at 120 min. The HOMA of fasting glucose and insulin could be affected by fluctuations of glucose and insulin levels. However, insulin resistance as estimated by HOMA was 36 % greater in homozygotes for the Thr54 allele than homozygotes for the Ala54 allele (p < 0.001). Although the insulin resistance of Ala54/Thr54 heterozygotes showed intermediate levels between Ala54 homozygotes and Thr54 homozygotes, the difference between the heterozygotes and Ala54 homozygotes was minimal. Unexpectedly beta-cell function calculated by HOMA was slightly higher in subjects homozygous for the Thr54 allele. It is not known whether the augmented beta-cell function was secondary to the insulin resistance or independently resulted from the Ala54Thr substitution. The increased beta-cell function, however, apparently compensated for the insulin resistance in subjects with the amino acid substitution. This may be the reason why the polymorphism was not significantly associated with glucose tolerance.
The ultrasound measurement was used to estimate subcutaneous and intraabdominal adiposity. The measurement is suitable for large-scale studies, because it is convenient and less expensive when compared with computerized tomography [18] [19] [20] . The subjects homozygous for the Thr54 allele had greater measurements of ultrasound intra-abdominal fat thickness. It has been hypothesized that the higher affinity of Thr54 IFABP for fatty acids results in augmented intestinal absorption of fatty acids, and therefore, higher fat oxidation rates that inhibit insulin action [6] . Insulin resistance was positively correlated with intra-abdominal fat thickness. The intra-abdominal fat accumulation in subjects homozygous for the Thr54 allele could have resulted from the enhanced intestinal absorption of fatty acids. It is also possible that the visceral adiposity might be caused by the insulin resistance. Intra-abdominal fat accumulation has been shown to induce high fatty acid content in the portal circulation [21] . Our results suggest that, in addition to intestinal fatty acids, fatty acids released by intraabdominal adipose tissue might be involved in the insulin resistance associated with the Thr54 allele.
Insulin resistance is a major risk factor for NIDDM in Japanese as well as in Pima Indians and Caucasians. Considering the high prevalence of the Thr54 allele, the amino acid substitution may be commonly involved as one of poly-genes in the development of insulin resistance and NIDDM in Japanese subjects.
